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On the Order of Catalytic lsomerization 

The curve between the concentration of a 
reactant or a product and time is, in gen- 
eral, used to yield information about the 
order of the reaction. The apparent first- 
order rate equation has been applied for the 
ortho-para-hydrogen conversion over y- 
alumina (Z), the isomerizations of I-butene 
over Ce-Y zeolite (2), over silica-sup- 
ported rhodium chloride (3), and over Type 
A zeolites (4), the isomerization of allene 
over silica-supported iron (5), and the 
isomerizations of methylcyclohexenes and 
of methylenecyclohexane over -y-alumina. 
The rate equation which has been applied 
to these reactions is expressed by 

where k is a time-independent constant, 
and PO, PAe, and PA are initial pressure, the 
equilibrium pressure, and the pressure of a 
reactant A at time t, respectively. The 
constants k which have been obtained from 
Eq. (1) differ from the rate constants of an 
ordinary chemical reaction. They are con- 
stant only for the course of an isomeriza- 
tion reaction with a single mixture of react- 
ing gases, but they are dependent on total 
pressure and assume different values if the 
total pressures of the reaction are altered. 

It is important to understand why this 
apparent first-order behavior is generally 
found for the course of an isomerization 
reaction with time and it is important to 
determine the condition under which the 
kinetic behavior is approximately ex- 
pressed by Eq. (1). In the present paper, 
the rate equation for the catalytic isomer- 
ization is derived by assuming a reaction 
scheme and then the condition under 
which the rate equation derived is ap- 
proximated by Eq. (1) is discussed. 

The overall isomerization reaction 
defined by 

AF~B (2) 

is postulated to consist of the elementary 
reactions 

A+ &AS, (34 
k. 

AS & BS, (W 
k,, 

B&B + S, (3c) 

where c and k’, are the rate constants for 
the forward and the reverse reactions in 
Eq. (3a), respectively. S and AS are the 
vacant site and the adsorbed A, respec- 
tively. Reactant A may adsorb competi- 
tively on the same site with product B 
because they have similar chemical proper- 
ties. The overall equilibrium constant, K, 
and the adsorption equilibrium constants 
for reactant A, KA, and for product B, Kg, 
may be written as 

K = P,e = k&k 

PAe f;-,k’i ’ 
(4) 

KA = Ei 
E’ 

(5) 

i;- 
K,=?, (6) 

e 
where PAe are PBe are the equilibrium pres- 
sures for reactant A and for product B, 
respectively. 

If the rate of the isomerization reaction is 
controlled by the adsorption of A, step (3a), 
the overall reaction rate v per unit surface 
area of the catalyst is expressed by 
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where No, R, and T are Avogadro’s num- 
ber, gas constant, and the absolute temper- 
ature, and V, S, and [S], are the volume of 
the reaction vessel, the surface area of the 
catalyst used, and the number of the ad- 
sorption sites per unit surface area of the 
catalyst, respectively. The demoninator of 
Eq. (7) always increases as the reaction 
proceeds. Then, the integration of Eq. (7) 
does not yield Eq. (1). 

If the rate of the isomerization is con- 
trolled by the surface reaction, step (3b), 
the overall rate v per unit surface area is 
expressed by 

N,V dPA 
“=-SRT’dt 

= ~~;KA@‘A - PBIK) 
1 + KAPA + KflH [S1o’ @) 

If the numbers of surface species AS and 
BS are both sufficiently small in compari- 
son with the numbers of the correspond- 
ing gas-phase species, the sum of the par- 
tial pressures of reactant A, PA, and of 
product B, PB, is a constant which is the 
total pressure, PT, as follows: 

PA+PB=Pp (9) 

Substitution of Eq. (9) in Eq. (8) gives 

D IoSR T dp A 
dt - N,V 

j&W + WA - PAY/K 
1 + KzT + (KA - KB)PA’ (lo) 

Since the chemical properties of reactant 
A is similar to those of product B, the 
adsorption equilibrium constant for A may 
be so close to that for product B that one 
can obtain the relation 

higher order of (KA - KB)PA/(l + KzT)) 
gives 

dPA --= 
dt 4p* - pAe) 

1 _ (KA - KBV’A 
~+KEPT 

, c12j 

where 

Cl= LSloSR&&, (1 + KM. 
NoV(l + KEPT) 

c13j 

Equation (12) can be integrated under the 
initial condition of PA = PO at t = 0: 

In (p’~~ ;$] = at + A, (14) 

where A is written as 

A = -a (KA - KdPAet 
1 + KBPT > 

+ In 

{ 

1 - (KA-KB)PoI(~ + KEPT) . c15j 

1 - (KA - K~lpA/(l + KEPT) I 

Making use of inequality (11) and expand- 
ing Eq. (15), one has a simplified equa- 
tion as follows: 

A = KA - KB 
1 + KzT(pA - po - pA% (16) 

In order to estimate the second term A 
in Eq. (14), one can use the value of PA 
obtained from the zero-order approximate 
equation which is given on the supposi- 
tion that A is 0 in Eq. (14). One obtains 

PA = PAe - (PAe - PO) exp(-at). (17) 

Substitution of Eq. (17) in Eq. (16) gives 

dA -=- 
dt 

(KA-KBI.~.~ 

1 + KBPT A* (18) 

From Eqs. (l), ( 14), and (18), one obtains 

1 - tKA - KB)PA , 
~+K&'T I 

(19) 

where P, is the average of PA during the 
reaction. The first-order rate equation (1) 
is approximately satisfied because the 
change of (KA - KBPA/(~ + KZT) dur- 

ing the reaction may be neglected in com- 
Expanding of Eq. (10) (neglecting terms of parison with unity from inequality (11). 
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In the reactions (1-6) described previ- 
ously, the change of (KA - K,)P,/(l + 
KrPT) was smaller than unity so that k did 
not depend on PA and on time. Then a 
special interest occurs when KA is equal to 
K,: 

c K K,=c=KB=F=Ko. (20) 
a e 

Substitution of Eq. (20) in Eq. (4) gives 

catalytic isomerization published previ- 
ously (1, 7, 8), the authors supposed that 
there is no difference between the adsorp- 
tion behaviors of the reactant and the prod- 
uct. In the present paper the general kinetic 
treatment was performed and the author 
determined the condition under which the 
kinetic behavior is expressed approxi- 
mately by Eq. (1). 

(21) The author would like to express his gratitude to 
Professor Y. Ono for his useful suggestions. 

By making use of expression (13) for o 
and substitution of Eq. (20) in Eq. (19) 
one obtains 1. 
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The specific rate r defined by the follow- 
ing equation is useful for comparison with 3. 
the rate of an ordinary chemical reaction: 

r = NT/S, (23) 4’ 

where NT = N&V/RT is the total number 5. 

of molecules in the reaction vessel. Substi- 6. 
tution of Eq. (22) in Eq. (23) gives 

7 , 
VT ’ = & + g) 1 + KzT [sl,’ (24) 8 

The relation between the specific rate Y 
and the total pressure PT expressed by 
Eq. (24) has been observed in the orth- 
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